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Several Australian oil shales were analysed using in-situ high-temperature XRD in 
four different environments (air, N2, CO: and vacuum). The types of reactions that 
occur during heating of the oil shale depend on factors such as the heating 
environment and the heating rate. Dehydration and decomposition reactions are more 
prominent in a vacuum environment, compared to the possible other reactions. 
However, it was noted that oxidation reactions such as pyrite to pyrrhotite 
transformation, are not totally suppressed in vacuum and nitrogen, although the 
extent of the reactions is comparatively small. Under oxidation conditions, pyrite is 
converted to iron oxides, emitting SO> in the same temperature range as kerogen is 
converted to oil. Although carbon dioxide partially impedes the decomposition of 
carbonate minerals such as calcite, formation of CaSO, is not significantly affected. 
Therefore, adsorption of environmentally problematic SO: gas by CaO can still be 
achieved in CO, environments. 


Introduction 


The increase in oil prices and diminishing of petroleum resources motivate the search 
for alternative solutions to increasing energy needs, and oil shale is one of the major 
candidates as a potential solution. Oil shale is a sedimentary rock that consists of a 
large amount of organic matter called kerogen. Kerogen is a complex macromolecular 
organic structure, composed mainly of carbon, hydrogen, and oxygen, while nitrogen 
and sulphur exist in minor amounts. Hydrocarbons are released as vapour when 
kerogen is subjected to temperatures between 450°C and 550°C in the absence of 
oxygen. This process is known as retorting and usually releases about 75-80% of 
the hydrocarbons. The hydrocarbons released can be refined to produce fuel and other 
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petroleum products. Retorted oi! shales still contain a considerable amount of organic 
matter and are utilised as an energy source by burning them in a combustor. 

Australia has large reserves of oil shale and the potential to become seif-sufficient 
in petroleum if the exploitation and processing of the oil shales are improved. The 
amount of potential oil from the deposits along the coast of Central Queensland alone 
exceeds 17.3 billion barrels (Schmidt, 2003). However, in recent years it has become 
difficult for the shale oil to compete with petroleum oil. One major reason for this is 
the cost of production of shale oil, and also the environmental concerns associated 
with the oil shale processing. 

Although oil shale processing has been performed for over a century, it is crucial 
to develop a sustainable technology in order to meet the economic and environmental 
challenges. Therefore, finding better ways of extracting petroleum from oil shale is 
essential and this can only be achieved by a better understanding of the chemistry of 
oil shale processing. 

During oil shale processing, various reactions take place at different temperatures. 
The type and the extent of the reactions depend on many factors such as the heating 
environment, heating rate, and possible interactions with the emitted products. For 
instance, heating under vacuum removes all the gaseous phases as soon as they are 
emitted, and there will be very little influence on the solid mineral reactions from 
gases. Heating in air provides an opportunity for oxidation reactions, while heating 
under an inert gaseous environment may thwart those reactions that would normally 
occur under air. Some of the components formed during oil shale processing are 
stable, while others are not. The meta-stable phases, which will be lost upon 
quenching during normal XRD, can only be detected by in-situ high temperature 
XRD analysis. 

This study investigates several Australian oil shales using in-situ high temperature 
XRD analyses under different environments, such as air, in Nz, in CQ), and in 
vacuum. Hurst et al. (1993) also studied the effect of CO, and N2 environments on oil 
shale retorting and reported changes of decomposition temperatures with varying 
partial pressures. Possible important mineral interactions during heating were 
discussed. However, kerogen, which is amorphous, was not considered here and its 
reactions were not discussed. 

In our work, only four atmospheric conditions were considered. In addition to 
these, reactions in a hydrogen atmosphere and in the presence of water vapour are 
also worth investigating. Previous workers have shown that in presence of hydrogen, 
iron oxides which may have originally existed there or formed as a result of oxidation 
reactions, may react with H,S gas (another possible by-product of pyrite 
decomposition) to form FeS (Patterson et al., 1991). This reaction can reduce the H,S 
emission. However during our study, hydrogen was not used in HTXRD due to 
practical difficulties. 


Materials Used and Experimental Methods 


An oil shale sample from the Stuarts deposit in Queensland was used in this study. 
The oil shale sample was air dried and ground using a planetary mill to fine powder 
(< 63 1); this size fraction provided the best XRD results. 
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Analytical Conditions 


X-ray diffraction analyses were performed using a Bruker XRD diffractometer 
equipped with a high-temperature attachment, Cu tube (Cu Ka radiation), a 
monochromator, an automatic variable divergent slit and 1.0 mm detector slit. 
Samples were analysed at 40 kV, 35mA in 8-28 coupled mode with 0.020° step size 
and 2 s/step sampling time. The 20 range was from 5 to 40°. These were selected as 
the most suitable and practicable conditions from the results of earlier experiments. 
Care was taken to minimise the orientation effects and displacement errors as much as 
possible. However for practical reasons, it was not possible to eliminate these effects 
completely. 

The HTXRD chamber was modified for use with the different gases. Samples 
were heated at a rate of 10°C/min and analyses were conducted under the following 
environmental conditions: 


a. Vacuum of below 0.1 Torr air pressure. 

b.  Instale air (leaving the sample chamber inlets open). 

c. Innitrogen gas (with a flow rate of 20-30 mL/min). 

d. Incarbon dioxide gas (with a flow rate of 20-30 mL/min). 


In (b) to (d) above, the pressure was approximately the atmospheric pressure. 
Vacuum was maintained by running a vacuum pump continuously throughout the 
experiment. 


Experimental Results 
Mineralogical composition 


Quantitative XRD analysis of an oil shale sample was carried out using 
SIROQUANT™ software and the results are presented in Table 1. This is a typical 
mineralogical composition of the oil shale sample used for the high-temperature XRD 
analyses. Since the kerogen and other non-crystallised components were not taken 
into account, the values in Table 1 show only relative abundances. 

Kerogen and other non-crystallised phases were not considered during calculation. 
Global ° for the profile fitting was about 2.26. TG and other data (not presented 
here) have indicated the presence of about 20% kerogen in this sample. This is also 
visible in XRD diagrams as a broad peak or “hump” between 20 of 5-10° (see Figures 
1 to 4), When the kerogen is taken into account, the actual mineral values should be 
about 20% smaller. However, for the purpose of comparison of the relative mineral 
contents, these values are suitable. 

Many previous researchers reported comparable results for oil shales from the 
same area (e.g. Patterson et al., 1991; Bhargava et al., 2005). However, they did not 
mention the presence of chlorite, which is a common mineral in shale, or the 
dehydration reactions of chlorite. 

High-temperature XRD traces in four different atmospheres are presented in 
Figures 1] to 4. 
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Table 1. Analysis of crystallised phases in oil shale using SIROQUANT ™ software. 


Mineral Name Percentage (normalised 


Total 


A- aragonite 

C- calcite ! 
| - illite 

K - kaolinite& chlorite 

P - pytite 

OQ - quartz 


20 
2-Theta - Scale 


Figure 1, In-situ HTXRD patterns of oil shale in vacuum (temperatures are 40, 125, 
200, 400, 500, 600, 700 and 900 C from bottom to top respectively). 
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C- calche 

| - illite 

K - kaalinite&chloilte 
P . pyrite 
Q - quartz 


2-Theta Scale 


Figure 2. In-situ HTXRD patterns of oil shale heated in air. 

Temperatures are 40, 125, 200, 400, 500, 600, 700 and 900°C from bottom to top 
respectively. Note the disappearance of pyrite peak near 32° 20 at higher 
temperatures and appearances of a new peaks near 24.4 and 35°20 


C- calcite 

\ - illite : 
K - kaolinite& chlorite 

P . pyrite 

Q . quartz 


2-Theta Scale 


Figure 3. In-situ HTXRD patterns of oil shale in nitrogen. 

Temperatures are 40, 125, 200, 400, 500, 600, 700 and 900°C from bottom to top 
respectively. Note the appearance of a new peak near 35°20 and weaker formation 
of CaSO, compared to Figures 2 and 4. 
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Figure 4, In-situ HTXRD patterns of oil shale heated in CO>. 

Temperatures are 40, 125, 200, 400, 500, 600, 700 and 900°C from bottom to top 
respectively. Note the formation of new peak near 24.4° 20 at higher temperatures. 
This peak belongs to CaSO, which is formed as a result of the reaction of CaCO; with 
SO; as described in equation (10). 


Types of Peak Changes in HTXRD 


Many changes to XRD occur during heating, including the appearance of new peaks, 
disappearance of existing peaks, peak shifts (d-value changes) and peak intensity 
changes. Certain changes are temporary and revert back when the sample returns to 
room temperature. Major types of peak changes are briefly discussed below. Detailed 
discussion of these peak changes is included later. 


Disappearance of Peaks 

This is common at low 20 values, which are dominated by the clay minerals. For 
example, kaolinite peaks, especially the one near 12.3° 20, disappear around 600°C 
when they are converted to amorphous silicates. Under vacuum, these peaks disappear 
at a lower temperature. This is probably due to early breakdown of clay structures 
caused by loss of interlayer water. 


Formation of New Peaks 

Most of the changes to the minerals are permanent; i.e. once the sample is brought 
back to the room temperature, alterations to the peaks remain unchanged. For 
example, a new peak forms at higher temperatures near 25.4° 26 value. This 
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formation is relatively weak in vacuum (see Figure 1) and in N; (see Figure 3) and 
most prominent in the air (see Figure 2), indicating an oxidation reaction or a reaction 
with possible involvement of emitted gaseous phases. 


Meta-stable Phases 

HTXRD traces show that some of the peaks, which disappeared during heating, are 
reappearing when the sample is cooled down. Also, some peaks that appear at a certain 
temperature range disappear at a higher temperature or when the sample is brought 
back to the room temperature. This is a clear indication that some meta-stable phases 
are produced during the heating and that some changes are reversible. Some meta- 
stable phases only appear in a certain temperature region. These changes are only 
detectable in an in-situ HTXRD. As shown in Figures 1 to 4, a new peak appears near 
14.5° 26 in 125 and 200°C temperature scans and this totally disappears at higher 
temperatures, thus indicating a meta-stable phase. This peak is very weak in vacuum 
(see Figure 1) and prominent in stale air (see Figure 2), indicating a possible 
involvement of emitted gaseous products. 


Discussion and Analysis 

Possible Reactions 

The most common reactions during preheating and retorting are dehydration and 
decomposition, since insufficient amounts of oxygen are present for oxidation 
reactions to occur. In the combustor (in air), oxidation reactions are common. Some 
of the possible reactions are discussed below (Patterson et al. 1990, 1991). 


Dehydration: Clay minerals, especially kaolinite and smectite, gypsum and opaline 
silica are the most common minerals in oil shale that are dehydrated. 


Kaolinite Al,Si205(OH),4 > Al,Si,07 + 2H,0 (g) (1) 
Smectite (Ca,K)o6s(Al,Mg,Fe)4(Si,Al)gO20(OH), > 

id (Ca,K)o.6s(Al,Mg,Fe)s(Si,Al)sO22 + XH20 (g) (2) 
Gypsum CaSO,:2H,0 + CaSO,+ 2H,0 (g) (3) 
Opaline silica SiO .xH,O0 ~ SiO, + xH,0 (g) (4) 
Chlorite Mg3(OH)2A! Si3019 > Mg3Al Si;0), + xH20 (g) (5) 


All the above reactions will start in the drying temperatures (near and above 100°C). 
However, reactions (3), (4) and (5) need higher temperatures (> 400°C) for 
completion, and they will only be completed in the retort. 


Decomposition: Calcite and siderite (possibly ankerite too) are decomposed as 
follows: 


Siderite (Fe, Mg)CO > (Fe, Mg)O + CO2(g) (6) 
Calcite CaCO; > CaO + CO (g) (7) 
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Temperature for these reactions are above 800°C, therefore these reactions will only 
occur in the combustor. 

Oxidation: Pyrite and magnetite may be oxidised (in the combustor) as follows: 
Pyrite 2FeS, + 5402 (g) > Fe,03 + 480, (g) (8) 
Magnetite (Fe, Mg)30, + Op (g) > 6(Fe, Mg)203 (9) 


Further reactions: If the gaseous products (such as CO, SO, and H,0) are allowed 
to stay in contact with other minerals, further reactions are possible. For example: 


From siderite 3(Fe, Mg)O + CO)(g) > (Fe, Mg)3;0, + CO (g) (10) 
With pyrite FeS,;+CO(g) = FeS + COS (g) (11) 

3FeS, + 2H,0 (g) > 3FeS + 2H,S (g) + SO; (g) (12) 
From calcite CaO + SO; (g) + 402 (g) > CaSO, (13) 


Carbonate decomposition occurs at relatively high temperatures and, therefore, the 
reactions (6) and (7) as well as (10) to (13) take place in the combustor, where the 
temperatures are over 800°C. However, the pyrite decomposes at lower temperatures 
(~ 450-550°C) and the probability of reaction (11) taking place is low. It is more 
likely for reaction (12) to occur as the water vapour may be present in the system 
from the relatively low temperatures, and it can start reactions such as (12) with 
pyrite. As described by many previous researchers, the presence of water vapour can 
significantly change the reaction temperatures of many reactions (as well as the 
products) discussed above (e.g. Levy and White, 1988; and Patterson et al., 1991). 


Changes to HTXRD Patterns in Different Environments 


Vacuum: The HTXRD of oil shale in vacuum are shown in Figure 1. All types of 
peak changes are observed in vacuum, including the appearance of new peaks and 
disappearance of existing peaks. One of the prominent changes is the disappearance 
of peaks near 12.3° 20, which is one of the major peaks of kaolinite. 

Dehydration and decomposition reactions, such as those described in reactions (1) 
to (6), are favoured by the vacuum. However, under vacuum any gaseous products 
will be removed promptly and the likelihood of further reactions such as {10)-(13) 
taking place is negligible. Therefore, it is reasonable to assume that the observed 
appearances of new peaks in Figure 1 in the lower temperature regions are due to 
dehydration reactions such as (1) to (5), while those in the high temperature regions 
are largely due to new components formed as a result of decomposition reactions such 
as (6) and (7). 


Air: Undoubtedly, the major difference in the reactions in air, from those in the other 
three environments considered, is the presence of oxygen. Therefore, it is expected 
that there will be more oxidation products in the HTXRD patterns in air, compared to 
the other three. 
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Oxidation reactions such as (8) and (9), as well as further reactions such as (13), 
will take place in air. However, usually in oil shale processing, the retort does not 
have sufficient oxygen and the oxidation reactions are expected only in the 
combustor. Certain mineral reactions observed in this study may not take place in 
exactly the same way in industrial processing of oil shale, since the temperature and 
environmental conditions are different. For example, pyrite decomposes at the retort 
temperatures, but needs oxygen for total decomposition. Only in the combustor is 
sufficient oxygen provided, and the pyrite oxidation reactions will be completed. 

In addition, although not determined or considered in this study, burning of 
hydrocarbon (kerogen) also occurs when oil shale is heated in air. Therefore, it is 
reasonable to expect the presence of a significant amount of CO, and CO gases in the 
heating atmosphere, even at retorting temperatures. Some differences may be 
observed in HTXRD patterns in stale air and in purging air environments, 


Nitrogen: It is generally expected that N2 is an inert gas and the likelihood of 
oxidation reactions occurring, such as (8) and (9), is remote. In Figure 3, it is quite 
clear that the peaks corresponding to pyrite do not show a significant change in 
intensity, indicating little or no decomposition of pyrite. 

However, it is possible for small amounts of oxygen to be present in the reaction 
chamber and promote some oxidation reactions, because the samples were heated in a 
high temperature chamber with an open outlet and a small gas flow. This might allow 
small amounts of surrounding air to get back into the chamber through the outlet. 

Some previous researchers have shown that pyrite decomposition reactions occur 
in nitrogen atmospheres, although they may not be to the same extent as those in 
oxidising environments. Hurst et al. (1990) studied the effect of various atmospheres 
on the thermal decomposition of pyrite and reported that decomposition of pyrite can 
take place in a pure nitrogen atmosphere. They attributed the resulting products to 
pyrrhotite with Feo.sgS composition. In an atmosphere with 1.2% oxygen in nitrogen, 
they reported the formation of magnetite in addition to pyrrhotite. Hurst et al. (1990) 
also reported and explained the lack of magnetite lines in XRD traces, and the same 
phenomenon was observed in our study. 


Carbon dioxide gas: {In a CO, environment, reaction (10) and subsequently (11) will 
be supported by the carbon dioxide environment, promoting the formation of FeS. 
However, it is expected that carbonate decomposition, reactions (6) and (7), will be 
retarded considerably in a CO, environment because CO, is a product of those 
reactions. Therefore, the amounts of oxides (e.g. lime from calcite) formed will also 
be small. Comparing Figure 4 to Figure 1, the peaks corresponding to calcite and 
siderite remain stronger in the CO, environment at high temperatures. 

Reaction (7) is an endothermic reaction [AH = 178.3 kJ mol!" (Patterson et al., 
1991)], and the pressure is relatively low (1 atm.), therefore reaction (7) can still 
move significantly in a forward direction at high temperature, even in a COQ, 
environment. This is confirmed by Figure 3 that indicates a considerable amount of 
CaSO, is formed in CO, environments. A possible explanation is that, SQ, that is 
emitted at retorting temperatures would react with CaO which is beginning to form as 
a result of CaCO; decomposition that takes place at higher temperatures. Thus, 
teaction (7) may be driven in a forward direction even when the CO, is present. If the 
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oil shale lacks carbonate minerals, it is a common practice to add some CaCO; to the 
oil shale during retorting in order to reduce the SO, emissions. Results of this work 
indicate that use of CO, in the retort does not impede the SO, adsorption significantly, 
while it has a strong negative effect on the oxidation reactions. 


Conclusions 


Minerals that undergo changes in the retorting and combusting temperatures (around 
600°C and 900°C respectively) can influence oil shale processing. Oil shales contain 
significant amounts of smectite, kaolinite, siderite and pyrite that may be dehydrated, 
dehydroxylated or decomposed during drying, retorting, and/or combustion. 

Although some reactions are not affected by the surrounding gases, certain 
reactions are accelerated or retarded in different gaseous atmospheres during heating. 
There are clear differences between heating the samples in vacuum and in gaseous 
environments. Removal of water and other gaseous products undoubtedly changes the 
outcome of the reaction processes. Under the combustion conditions where QO, is 
available, oxidation reactions are promoted. Although CO, that may be emitted as a 
product of carbonate decomposition can impede many of these reactions, the amount 
of SO, emission, one of the major environmental concerns during oil shale processing, 
can be controlled by increasing the amount of CaCO; in the retorting mixture. A 
carbon dioxide environment does not seem to affect the adsorption of SO, and the 
formation of CaSQ,. Therefore, CO, can be used in the retort to prevent oxidation of 
oil, without interfering with the SO, adsorption, thus eliminating the requirement of 
vacuum environment. 
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